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MEASUREMENT  OF  SPECIFIC  ABSORPTION  RATE  IN  HUMAN  PHANTOMS 
EXPOSED  TO  SIMULATED  AIR  FORCE  RADAR  EMISSIONS 


INTRODUCTION 

This  experiment  was  designed  to  investigate  the  possibility  that  the 
average  specific  absorption  rate  (SAR)  for  pulsed  radiofrequency  radiation 
(RFR)  varies  markedly  from  the  SAR  for  continuous  wave  (CW)  fields.  A  homoge¬ 
neous  slab  of  muscle-equivalent  material  (MEM)  was  used  for  making  the  SAR 
distribution  measurement  at  2.07,  2.8,  5.6,  and  9.3  GHz  (L-,  S-,  C-,  and 
X-band  respectively). 


MATERIAL  AND  METHODS 


RFR  Exposures 

The  RFR  exposures  were  performed  in  an  anechoic  chamber  3mx7mx1<4m 
(Emerson  and  Cummins,  Inc.),  using  a  Cober  Electronic,  Inc.,  Peak  Power  Emission 
Simulator,  Model  2852,  with  standard  gain  horns.  The  frequencies  used  were 
2.07,  2.8,  5.6,  and  9.3  GHz.  The  exposure  parameters  are  listed  in  Table  1.  All 
experiments  were  conducted  in  the  far  field.  Radiofrequency  power  was  moni¬ 
tored  continuously  using  a  Hewlett-Packard  Power  Meter,  Model  436A.  Incident 
power  densities  were  measured  using  a  Narda  Microwave  Corp.,  Broad  Band  Iso¬ 
tropic  RF  Monitor,  Model  8316,  with  a  probe,  Model  8323. 


TABLE  1.  EXPOSURE  PARAMETERS 


frequency  (GHz) 

Pulse  Rate  (pps) 

Pulse  Width  (psec) 

2.07 

CW 

- 

2.07 

50,000 

2 

2.8 

500 

2 

5.61, 

50  and  500 

2 

9  -  3  5 

200  and  2000 

0.5 

Real-Time  SAR  Determination  System 

Rate  of  temperature  rise  due  to  absorbed  RFR  was  monitored  in  real-time 
using  a  Vitek  Electrothermia  Monitor,  Model  101,  (1,2)  with  output  to  a  Digital 
Equipment  Corp.  computer,  Model  PDP/113^,  through  a  Digital  Equipment  Corp. 
analog- to-digital  converter.  Model  AD11-K.  The  Electrothermia  Monitor  (3)  has 
a  probe  diameter  of  1  mm,  an  absolute  accuracy  ±  0.05°C,  a  short-term  stability 
±  0.01 °C,  a  time  constant  of  0.2  sec,  and  an  RF-line-heating  error  of  0.005°C 
for  an  RF  heating  equivalent  of  1 °C/min.  The  Electrothermia  Monitor  was  cali¬ 
brated  against  a  Thermometries  Four-Wire  Thermistor  Standard,  Model  S-10,  (Se¬ 
rial  No.  282),  which  is  traceable  to  the  National  Bureau  of  Standards,  and  had 
an  uncertainty  of  0.0015°C. 


Exposure  of  Homogeneous  Slab 


A  homogeneous  muscle-equivalent  slab,  8— cm  deep,  26-cm  high,  and  33-cm 
long,  was  constructed,  using  the  method  of  Guy  (4).  The  electrical  and  physical 
properties  of  the  muscle-equivalent  material  are  given  in  Table  2.  To  provide 
support  with  minimal  perturbation  of  the  RF  field,  the  slab  was  contained  in  a 
box  constructed  of  2.5-cm-thick  low-density,  closed-cell  Styrofoam  HD  300  (Dow 
Chemical,  Midland,  Mich.).  The  probe  was  inserted  into  1.5-mm  O.D.  glass  capil¬ 
lary  tubes  and  positioned  at  selected  depths  through  the  face  of  the  slab,  which 
was  opposite  the  horn,  and  the  temperature  was  monitored  during  RFR  exposure  at 
a  rate  of  100  measurements  per  sec.  A  linear  least-square  fit  was  then  calcu¬ 
lated  for  the  purpose  of  determining  the  rate  of  temperature  rise  (T').  This 
was  then  used  to  calculate  the  SAR  according  to  the  following  equation  (5): 

SAR  (W/kg)  =  (58.6  W/kg  per  <>C/min)*T’  (°C/min). 


TABLE  2.  ELECTRICAL  AND  PHYSICAL  PROPERTIES  OF  MEM 


Frequency  (GHz) 

Relative 

Dielectric 

Permittivity 

Conductivity 

(S/m) 

Density 

(g/cm3) 

Specific  Heat 

2.07 

47.4 

1  .95 

.97 

.84 

2.8 

45.5 

2.43 

.97 

.84 

5.6 

41  .6 

4.64 

.97 

.84 

9-3 

37.9 

8.73 

.97 

.84 

Exposure  duration  was  less  than  30  sec  to  reduce  errors  due  to  thermal 
conduction.  Ample  time  was  allowed  between  exposures  for  the  temperature  in  the 
slab  to  equilibrate  (VT<  0.04°C  in  40  sec)  before  proceeding.  The  SAR  distribu¬ 
tions  were  compared  to  theoretical  RFR  attenuation  equations  derived  by  matching 
boundary  conditions  for  solutions  to  Maxwell's  equations  for  a  dielectric 
naif-space  irradiated  by  a  plane  wave. 

Taken  from  Figure  1  and  Jordan  and  Balmain  (6)  the  expression  for  the 
E-field  in  the  MEM  can  be  written  as: 


-  u2vz)/2V  ^2} 
*  u>2ye)/ 2]1//2}. 

z  -  distance  (m), 
f  =  frequency  (Hz), 
oj  *=  2irf , 

u  *  permeability  (henry/m), 
t  -  dielectric  permittivity  (farad/m), 


Em  =  T*  exp  { -z[  ( u)p[u)2e2  +  02]1/2 
.exp{-jz[(uu[a)2e2  +  o2]1/2 


2 


o  =  conductivity  (S/m),  and 


T  = 


where: 


2E 

_ Q _ 

1  ♦  c  {[y(e^  +  o  2/ij2)1/2  + 


E0  -  peak  incident  electric  field  strength  (V/m)  and 
c  =  (yoeo)_1/2  (ni/sec). 

Thus,  the  average  power  deposition  expression  in  W/m3  is: 

p  _  _  oT^.exp(-z[2[aip(ai^e^  + 

2  “2 


Hence,  incorporating  the  specific  mass  of  muscle,  we  obtain: 
SAR  (W/kg)  =  P/970. 


RESULTS 

The  normalized  SAR  depth  distributions  (Figs.  2  through  5)  show  the  com¬ 
parison  between  the  measured  values  in  the  finite  slab  and  theoretical  predic¬ 
tions  for  CW  fields  in  a  semi-infinite  MEM  slab.  Tables  3  through  5  present  the 
normalized  SAR  measurements  for  various  pulse  conditions. 


TABLE  3.  2.07  GHz  SAR  VS  PULSE  PARAMETERS 


Depth  (cm) 


1 

2 

3 

4 

5 

6 

7 

8 
9 
0 
1 
2 

3 

4 

t; 


.39  ±  .05 

.39 
.36 
•  32 
.28 
.25 
.24 
.23 
.19 
.16 
.14 
.12 
.11 
.09 
.08 
.06 


2  ps 

50K  pps _ 

•38  ±  .10 


'ABLE  4.  5.6  GHz  SAR  VS  PULSE  PARAMETERS 


Depth  (cm) 

■  '/K&IiK  '1M  • 

2  yS 

50  pps 

.5  ys 

2000  pps 

2  yS 

500  pps 

0 

.71 

± 

.41 

.61 

± 

•  38 

.94 

± 

.06 

.98 

±  .06 

.1 

.53 

± 

•  30 

.78 

+ 

•  30 

.90 

± 

.04 

.94 

±  .04 

.2 

.52 

± 

•  36 

.56 

± 

.43 

.77 

± 

.10 

.78 

±  .12 

.3 

.49 

± 

.34 

.54 

+ 

.57 

.73 

± 

.11 

.71 

±  .09 

.4 

.38 

± 

•  33 

.25 

+ 

•  32 

.51 

± 

.02 

.50 

±  .02 

.5 

.25 

± 

.41 

.12 

± 

•  34 

.36 

i 

.06 

.35 

±  .03 

TABLE 

5. 

9.3  1 

GHz  SAR  VS 

PULSE 

PARAMETERS 

Depth  (cm) 

•  5  ys 

200  pps 

2  ys 

50  pps 

.5  ys 

2000  pps 

2  yS 

500  pps 

0 

1.08 

±  • 

15 

1.12 

±  .16 

1  .34 

± 

.27 

1.49 

±  .24 

1 

1 .20 

± 

23 

1 .24 

±  .20 

1.12 

± 

.17 

.96 

±  .26 

.2 

.78 

± 

16 

.85 

±  .17 

.83 

± 

.13 

.80 

±  .17 

.3 

.60 

± 

16 

.59 

±  .20 

.59 

± 

.12 

.58 

±  .21 

.4 

.48 

±  • 

15 

.38 

±  .12 

.38 

± 

.07 

.38 

±  .07 

The  uncertainties  do  not  overlap  in  only  two  columns  in  the  tables:  5.6 
GHz  for  0.1  cm  with  0.5  ps  and  200  pps  vs.  2  ys  and  500  pps,  and  9.3  GHz  at  the 
surface  with  0.5  us  and  200  pps  vs.  2  ys  and  500  pps. 


The  relative  dielectric  permittivity  (er)  and  conductivity  (o)  values  used 
.n  tne  derivations  of  the  SAR  depth  distribution  for  CW  were  taken  from  analytic 
expressions  fit  to  data  for  muscle  (7).  The  resulting  equations  are: 


4.3  + 


38.1 


1+(f/24)‘ 


11.5 


1+(f/1 .9)' 


and 


.92  > 


.336f 


.0884‘ 


1+(f/1 .9)‘ 


1+(f/24) 


+2 


wnere  f  =  frequency  (GHz).  This  was  in  lieu  of  actual  measured  values  of  the 
electrical  properties  for  MEM. 

For  all  of  the  frequencies  used,  the  SAR  measurements  near  the  surface 
were  less  than  the  predicted  values.  This  bias  might  be  due  to  the  effect  of 
surface  cooling. 

The  bias  in  the  data  compared  to  the  theoretical  predictions  (Figs.  2 
tnrough  5)  may  be  due  to  uncertainties  in  the  incident  power  density  measure¬ 
ments.  The  Narda  probe  calibration  accuracy  is  ±  12$.  Table  6  presents  the 
relative  dielectric  permittivity  and  conductivity  values  which  produce  the  best 
fit  for  assumed  power  densities  of  0.9,  1.0,  and  1.1  mW/cm2. 


TABLE  6.  PARAMETERS  FOR  3EST  PIT 


!  o(S/m) 

1 _  £r 

Power  density 

0.9 

1  .0 

1  .1 

0.9 

1  .0 

1  .1 

Frequency 

2.07  GHz 

2.1 

2.4 

2.7 

49 

65 

83 

2.8 

2.5 

2.8 

3.2 

55 

71 

92 

5.6 

3.2 

3.7 

4.2 

23 

31 

40 

9.3 

7.7 

8.9 

10 

41 

55 

70 

For  the  2.07-,  2.8-,  and  9.3“GHz  exposures  it  appears  that  the  incident 
power  density  was  -  10$  less  than  that  indicated  by  the  Narda  radiation  monitor. 
The  data  also  suggested  that  the  field  was  -  10?  greater  for  5.6  GHz.  However, 
the  measurements  agree  with  theory. 


CONCLUSION 

The  data  demonstrate  that  the  average  SAR  does  not  depend  significantly  on 
pulse  parameters  for  pulse  widths  as  short  as  0.5  ps  and  peak- to- average  ratios 
as  large  as  10,000:1 . 
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Figure  2.  Theoretical  SAR  distribution  and  measurements  for  L-band  (2.07  GHz) 
frequency. 
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Figure  3.  Theoretical  SAR  distribution  and  measurements  for  S-band  (2.8  GHz) 
frequency. 
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it.  Theoretical  SAR  distribution  ana  measurements  for  C-band  (5.6  GHz) 
frequency. 
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5.  Theoretical  SAR  distribution  and  measurements  for  X-band  (9.3  GHz) 
frequency. 


9 


